We demonstrate 3 ps recovery in an SOA-based system assisted by an optical bandpass filter. This concept is utilized to achieve error-free 160 Gbit/s optical wavelength conversion.
Introduction
All-optical signal processing systems that utilize nonlinear gain and index dynamics in semiconductor optical amplifiers (SOAs) have attracted considerable research interest [1] . In current SOA-based signal processing system, the relatively slow recovery of the carrier density in the SOA (typically several tens to hundreds ps) limits the maximum operating speed. A number of technologies have been used to improve the bandwidth of SOA-based system. It has been demonstrated that a fiber Bragg grating [2] , a waveguide filter [3] and a delay-interferometric configuration [4] can be used to enhance the operating speed. A theoretical analysis for this delayinterferometric configuration has been given in [5] .
In this paper, we show that we can achieve 3 ps recovery in an SOA-based system, utilizing a single SOA with a gain recovery time greater than 90 ps. We explain how a detuned optical bandpass filter can be applied to speed up the recovery of the SOA-based system. A similar approach has been presented in [6] . This concept is used to achieve an error-free and pattern-independent 160 Gb/s wavelength conversion with a low power penalty. This concept has also potential for other SOA-based system applications such as optical demultiplexing. This approach has a simple configuration and allows photonic integration.
Operation principle for ultra-fast recovery
The setup for testing recovery time of an SOA-based system is depicted in Fig. 1a . A pulsed pump beam is combined with a continuous wave (CW) probe light, and subsequently launched into an SOA. The saturating pulse makes that the SOA gain is instantaneously depleted. Afterwards the SOA gain slowly recovers as indicated by the dashed line in Fig.1b . Thus an inverted probe light is obtained via cross-gain modulation. Moreover, the injected pump pulses also modulate the refractive index of the SOA, resulting in a chirped probe signal. The leading edges of the (inverted) converted probe light are red-shifted, whereas the trailing edges are blue-shifted [6] , which is illustrated in the solid line in Fig.1b (simulation results). A similar curve can be found in [6] . At the output of the SOA, an optical bandpass filter (BPF) is used to suppress the pump light. In our approach, the BPF is detuned to the blue-shifted sideband of the converted probe light, as presented in Fig. 1c . The intensity of probe light at the filter output is presented in Fig. 1d . An ultra-fast recovery of the system is obtained. We explain this phenomenon as follows.
Fig. 1. The operation principle of ultra-fast recovery in an SOA-based system. (a) Setup for testing the recovery time. (b) The probe light: gain (dashed line) and chirp (solid line) vs. time. (c) Optical spectrum of input probe light and the filter characteristic. (d) Output power of the BPF vs. time.
When a pulse appears at point A (Fig. 1d) , the SOA gain starts to drop, and reaches its minimum at point B. The SOA gain is saturated during timeslot A-B. Furthermore, as discussed above, in the timeslot A-B, the probe light moves to a longer wavelength (redchirp) and thus receives more attenuation by the filter. As a result, the transmission of the probe light is further reduced. At point B, the chirp becomes zero, and SOA starts to recover. From this time onwards, the wavelength of the probe light is blue-shifted, leading to an increased transmission. If the BPF is properly selected, the enhancement of intensity due to the blue-chirp can compensate the gain saturation. Thus, the intensity at point C is equal to the intensity at point A. From point C to point D, the blue-chirped probe light slowly moves back to the probe carrier wavelength, thus the enhancement of intensity, causing by the spectral blue-shift, slowly drops. On the other hand, the gain of probe light starts to recover. These two slow effects operate in the opposite direction, and cancel out each other. As a result, the net intensity after the filter becomes constant, causing the system to recover much faster than the SOA gain recovery. Therefore, the slow 
Fig. 2. (a) 160 Gbit/s all-optical wavelength conversion setup. (b) and (c) are 160 Gbit/s eye-diagrams at various positions in the all-optical wavelength converter. The eye diagrams are measured by an optical sampling scope. (d) BER performance of 160 Gb/s wavelength conversion.
recovery is suppressed. Instead, it is replaced by the ultra-fast transition time when the (inverted) chirped probe light shifts from the red-shifted peak to the blue-shifted peak. Our simulation shows that this transition time is determined by the carrier-heating process, driven by electron-phonon interactions [7] .
Experiment and results
The above concept is applied for a 160 Gbit/s alloptical wavelength converter (AOWC). The experimental setup is shown in Fig. 2a . The setup was constructed by using commercial available fiberpigtailed components. A 10 Gbit/s data stream with 1.9 ps-wide optical pulses, is modulated by an external modulator (MOD) at 10 Gbit/s to form a 2 7 −1 RZ-PRBS signal. This data stream is multiplexed to 160 Gbit/s. The 160 Gbit/s RZ-PRBS data signal is combined with a CW probe light and fed into an AOWC via a 3 dB coupler. The AOWC is made out of an SOA, a 1.4 nm optical bandpass filter (BPF) and a delayed-interferometer (DI). The 1.4 nm BPF is detuned 1.23 nm to the blue side of the probe carrier wavelength. The DI consists of two polarization controllers (PCs), a polarization maintaining fiber (PMF) with 2 ps differential delay, and a polarization beam splitter (PBS). The SOA (manufactured by Kamelian) is pumped with 250 mA. The average optical power of the 160 Gbit/s data stream is 4.8 mW and 2.6 mW for the CW probe light. At the output of the 1.4 nm BPF, the converted probe light is monitored by using an optical sampling scope, the result is shown in Fig. 2b . An inverted 160 Gbit/s signal with a clear open eye-pattern is obtained, which clearly shows that a 3 ps recovery is achieved. The inverted 160 Gbit/s converted signal is subsequently injected into the DI, where the inverted signal is converted into a non-inverted signal. The result is presented in Fig. 2c . It is noted that the differential operation in the DI is not essential for realizing 160 Gbit/s operation because the input (inverted) pulses have already been fully recovered within 3 ps, as shown in Fig. 2b . After wavelength conversion, the converted signal is demultiplexed from 160 Gbit/s to 10 Gbit/s and then analysed. Fig.2d shows BER measurement. All the sixteen 10 Gbit/s tributaries are presented. In addition, the 10 Gbit/s basic channel that is multiplexed to 160 Gbit/s is also presented. It can be observed that the average sensitivity penalty of wavelength conversion at a BER=10 −9 is about 2.5 dB. Moreover, it is visible that no error-floor is observed. The more detailed experimental results can be found in [8] .
Conclusions
We have demonstrated 3 ps recovery in an SOAbased system, which employs an SOA with a recovery time of > 90 ps. This concept has been utilized to demonstrate an error-free 160 Gbit/s wavelength conversion. The work was funded by STW EET6491 and IST-LASAGNE (FP6-507509). 
